We investigated fines movement through sandstone in-situ at the micrometre pore scale and studied the associated pore-scale mechanisms leading to formation damage. We used two in-situ techniques to accomplish this, namely nuclear magnetic resonance T 2 relaxation time (NMR) measurements (of pore size distributions) and high resolution x-ray micro-computed tomography (μCT; at high resolutions of (0.89 μm) 3 and (3.4 μm) 3 ). The μCT images showed the precise 3D location of the fines particles in the plug and demonstrated that initially pore throats are plugged, followed by filling of adjacent pore bodies by solid particles. These measurements in combination with traditionally used (indirect) permeability and production curve measurements and ex-situ SEM imaging enabled us to propose a new mechanistic pore-scale plugging model; furthermore we demonstrated that the amount of fines trapped decayed rapidly with core depth. We conclude that it is feasible to analyse formation damage in-situ by a combination of NMR and μCT measurements.
Introduction
Migration of colloids (r5 μm) and dispersed small solid particles (o100 μm) through a porous medium is a key problem in various fields as deposition of such particles can severely reduce permeability. Areas which face this problem include hydrology, where the focus is on water production (McDowell-Boyer et al., 1986; Bradford et al., 2011; Torkzaban et al., 2007) , geothermal engineering, where cold water is pumped through subsurface reservoirs to produce warm water (Mahmoudi et al., 2010; Rosenbrand et al., 2014 Rosenbrand et al., , 2015 , wellbore drilling (Byrne et al., 2007; Civan, 2007) and petroleum recovery, where water is injected to maintain reservoir pressure and mobilize additional hydrocarbons by viscous forces (Ahmed and McKinney, 2005; Iglauer et al., 2010) .
Common to all these processes is that water added to a reservoir can cause the release of colloids and fine particles in the rock due to subtle changes in fluid composition (Ryan and Elimelech, 1996) or through shear forces (Tran et al., 2009) ; furthermore, surface water -which freely percolates into the formation due to gravitational forces or may be injected by force in an industrial processcontains fine particles (McDowell-Boyer et al., 1986; Bennion et al., 2011) as filtration is uneconomical (Bennion et al., 2011) . Consequently, in case of injected water, certain quality requirements need to be fulfilled, i.e. the water must not contain solid particles which are larger than a certain maximum size (Bennion et al., 1998) . It is thus important to understand the particles' impact on fluid dynamics and associated pore-scale plugging mechanisms, which cause the formation damage (Nowak and Krueger, 1951; Krueger, 1967; McDowell-Boyer et al., 1986; Ryan and Elimelech, 1996; Civan, 2007; Rosenbrand et al., 2014 Rosenbrand et al., ,2015 .
Traditionally, various techniques were used to investigate the characteristics of such formation damage. This usually included the measurement of the injection flow rate and pressure drop across the sample to determine dynamic permeability, and the measurement of produced fluid mass versus time (e.g. Krilov et al., 1991; Asghari et al., 1995; Tran et al., 2010) . Frequently these measurements were supported by x-ray diffraction (XRD) measurements (e.g. Krilov et al., 1991; Seright et al., 2006; Potter et al., 2011; Green et al., 2013) and petrographic thin section analysis (e.g. Gulati and Maly, 1975; Bowers et al., 1995; Hidajat et al., 2002; Green et al., 2013) . Furthermore scanning electron microscopy (SEM) was used to study fines deposition at the nanometre to micrometre scale (e.g. Kandarpa and Sparrow, 1981; Byrne et al., 2000; Green et al., 2013) , and nuclear magnetic resonance (NMR) T 2 relaxation measurements were used to probe changes in the associated pore size distributions (Tran et al., 2010; Fischer et al., 2011) . More recently, medical x-ray computer tomography has been used to image the distribution of fines within the rock at low spatial resolution (1 mm) (Tran et al., 2010; Green et al., 2013) .
However, all these techniques have serious limitations: dynamic permeability measurements and fluid mass production curves are indirect observations, while thin section analysis, XRD and SEM only measure ex-situ data. NMR is a bulk measurement and does not provide information about spatial distributions. 3D medical x-ray tomography, however, can provide a 3D spatial map of the CT numbers (which is related to the x-ray attenuation of the different minerals (Okabe et al., 2013) ), but here spatial resolution is low (0.5-1 mm) and individual pores or fine particles can thus not be observed.
Recently, with the advent of micro-computed tomography (mCT), it has become possible to overcome these limitations Wildenschild and Sheppard, 2013) . Green et al. (2013) for instance imaged representative core samples of varying permeabilities (8 to 7000 mD) at a mCT resolution of 10-15 mm in-situ in order to investigate the damage caused by drilling mud invasion.
We are now paying attention to the detailed pore-scale plugging mechanisms via a combination of high resolution mCT imaging (0.9 mm and 3.4 mm resolution), standard coreflooding, SEM and NMR analysis. Using these methods we were able to visualize the precise 3D distribution of fines within the pore space of the plug, and were able to develop a new mechanistic plugging model; we discuss this new model in the context of established literature models.
Experimental methodology

Materials
The experiments were performed on two homogeneous cylindrical Bentheimer sandstone plugs (diameter¼5.2 mm, length¼32.5 mm); these were sister plugs drilled from the same block, the drill holes were just adjacent to each other. Their brine permeabilities were 559 mD and 523 mD, and their porosities were 21% and 23%, Table 1 . The composition of the Bentheimer sandstone was measured via XRD with a Bruker-AXS D9 Advance Diffractometer (Kaolinite 0.7 wt%, Quartz 99.0 wt%, Rutile 0.3 wt%) on a fragment obtained from the same block just adjacent to the drill holes; this indicated that the sandstone was quite clean and consisted mainly of quartz.
As a representative for the fines in the subsurface, we selected a fine barite powder (Krilov et al., 1991; Tran et al., 2010) . The barite particles had a broad particle size distribution, which ranged from 0.4 to 80 mm and peaked at 25 mm, Fig. 1 (measured with a Mastersizer Malvern Hydro 2000S). The barite particles were suspended in brine (5 wt% NaCl þ1 wt% KCl in deionized water) by constant agitation with a magnetic stirrer.
Simulation of fines migration in the subsurface
In order to mimic fines flow in the subsurface, the Bentheimer plugs were sealed with a PTFE heat shrink sleeve, which was cured at 653 K for $ 20 min, vacuumed for 40 min, and then saturated with brine. Subsequently the brine permeability of each plug was measured by injecting water at a constant flow rate with a peristaltic pump (Masterflex model 7518-10), while the pressure drop across the plug was measured; brine permeability was then calculated using Darcy's law. This permeability measurement was continued during fines injection, see below. The samples were then imaged with a mCT scanner (Xradia Versa XRM-500T) at a resolution of (3.4 mm) 3 , and NMR T 2 response curves were measured for each specimen on a ( 1 H resonance) 20 MHz Bruker
Minispec benchtop NMR instrument. The NMR T 2 response time correlates with the pore size distribution in the core (Talabi et al., 2009; Fridjonsson et al., 2013) , and it thus constitutes an independent measurement. The samples were then flooded with the barite suspension (two different barite concentrations were tested: 10 g/L and 20 g/L), and simultaneously the mass of produced fluid was measured with a balance (Phoenix, BTA/BTB series, accuracy¼ 0.001 g) as a function of time. All experiments were conducted at ambient conditions, i.e. 130,000 Pa ( 720,000 Pa) pressure and (296 K72 K) temperature.
Once the plug samples were highly damaged by the fines injection process (permeability reduced by $ 90%), the plugs were μCT imaged again at two different but high resolutions (3.4 mm) 3 and (0.89 mm)
3 . All μCT images were filtered with a non-local means filter (Buades et al., 2005) and segmented according to Otsu's algorithm (Otsu, 1979) . On the segmented images porosities, pore volumes, and pore radius distributions were measured; we note that these parameters are affected by fines migration (Civan, 2007) . Furthermore, the precise 3D location of the barite particles was observed, this is discussed further below. After μCT scanning the plugs were subjected to another NMR T 2 response measurement to measure any changes in the pore size distributions.
Result and discussion
The evolution of the permeability with time during fines suspension injection is shown in Fig. 2 . The permeability (k) continuously and smoothly decreased with time (t) following a power law k¼ 3.94t
(sample#2), and the permeability reduction was more significant for the higher barite concentration as expected, consistent with trends reported in the literature (Krilov et al., 1991; Asghari et al., 1995) ; Table 1 Bentheimer sandstone porosities and permeabilities before and after fines injection. moreover, Nguyen and Civan (2005) and Tran et al. (2009 and observed an exponential correlation for the dynamic permeability as a function of time with exponents and coefficients depending on several variables including α (cement exclusion parameter, dimensionless), σ (particle volume fraction, fraction), and β (pore-to-particle diameter, dimensionless), which is approximately consistent with our results. Specifically, we measured a permeability reduction from 559 mD to 110 mD for 10 g/L barite concentration and from 523 mD to 48 mD for 20 g/L barite concentration. The plugging time (note that plugging occurs at the discontinuity in the production curve (Tran et al., 2009 (Tran et al., , 2010 , Fig. 3 ) was faster when the particles' concentration increased. Plugging time was 1.38 h for the 20 g/L suspension, while it was 4.47 h for the 10 g/L suspension, Fig. 3 .
Porosity measured by mCT
Note that plugging time for Krilov et al. (1991) 's study was E30 min, they flooded outcrop sandstone (permeabilities 144, 1549, 71, 40 mD and porosities 13.3, 21.2, 22.7 and 21.2 respectively) with barite suspensions (particle sizes varied from 2 to 60 mm); Asghari et al. (1995) reported plugging times E200 min after injecting filtered sea water (filtration through a 10 mm filter) through carbonate rock (core plugs from Siri oil field in Iran with an average permeability of 7.9 mD and average porosity 20%); and Tran et al. (2010) reported a plugging time E2.5 h after injecting drilling mud (bentonite and barite with 5 wt% barite concentration and 1.2 to 12 mm barite particles size range) through Berea sandstone samples (permeabilities 1240, 265 mD and porosity 20.6%, 17.5%, respectively). Figs. 4 and 5 show the NMR T 2 response curves for the undamaged and damaged samples for both fines concentrations, respectively. The T 2 NMR measurement is related to the surface S to volume V ratio of the pore structure by the equation 1=T 2 ¼ ρS=V, where ρ is the surface relaxivity, a parameter dependent on the composition of the rock (Kleinberg et al., 1994) , which we assume to be constant between the two Bentheimer samples tested in this work. Therefore, a shorter T 2 relaxation time corresponds to a larger surface to volume ratio and thus smaller pores. Initially the NMR signal indicated a primarily homogeneous pore space, with approximately 10-20% of the signal originating from secondary (smaller) pores, consistent with previous measurements for similar sandstone (Liaw et al., 1996) . The integral of the NMR T 2 signal, which corresponds to the amount of water in the pore space, was substantially reduced for the damaged samples, which corresponds to a substantially reduced porosity (Allen et al., 1997) , Table 1 . This was measured for both fines concentrations, although the 20 g/L suspension was more effective in terms of porosity reduction. Furthermore, the bimodal character of the pore space changed into a multimodal system indicating that the homogeneous larger pores were segmented into heterogeneous smaller pores after damage (Liaw et al., 1996) . Moreover, the average T 2 times for the samples calculated from the distributions in Figs. 4 and 5 decreased after the samples were damaged with barite indicating smaller pores sizes. The average T 2 time of the sample injected with 10 g/L barite suspension decreased from 0.72 s before damage to 0.31 s after damage, a reduction of 57%. For the sample injected with 20 g/L barite suspension, the average T 2 time decreased from 0.86 s to 0.25 s, a reduction of 71%. This clear shift in the NMR T 2 response towards smaller relaxation times indicates shrinking pore sizes (Talabi et al., 2009 ) with the effect more pronounced for the suspension which contained the higher barite concentration.
Flow direction
In addition to a shift of the average T 2 time to shorter times, the after damage for both samples, with a larger decrease in the long peak for the sample damaged with 20 g/L barite suspension. This indicates that the larger pores in the structure have been plugged and split into smaller pores which is consistent with literature results (Tran et al. 2010) ; however, Tran et al. (2010) 's NMR results showed smaller changes in porosity (20.6% to 17.6% for their first Berea sample (rock permeability 1240 mD) and 17.5% to 16.9% for their second Berea sample (rock permeability 265 mD)), which was probably caused by the different rock pore morphology and mineralogy and the different particles injected (they used a bentonite/barite mixture, which simulated drilling mud; barite concentration was 5 wt% with 1.2 to 12 mm barite particles sizes).
Consistent with the NMR data, the μCT results showed that particularly large pore sizes (pore diameter 485 mm for sample#1 and 4136 mm for sample#2) have been damaged, Figs. 6 and 7. Specifically, pores with diameters less than 51 mm (sample#1) and less than 102 μm (sample#2) showed a significantly higher frequency after damage. As mentioned above, the barite particle size distribution comprised sizes from 0.4 to 80 μm and peaked at 25 μm (Fig. 1) ; while the sandstone pore sizes ranged from $ 1 to 340 μm (Figs. 6 and 7 ). Consequently these distributions overlapped and the fines caused plugging, consistent with predictions based on the aspect ratio β, see discussion below (Civan, 2007; Tran et al., 2009 Tran et al., , 2010 . Figs. 8 and 9 show that the amount of barite y (porosity fraction) trapped in the core (a) increased with barite concentration in the suspension, consistent with literature results (Tran et al., 2009 (Tran et al., ,2010 and (b) The reason for this behaviour is visualized in Figs. 10 and 11: the fines flow frequently penetrated into the pore space until a thin pore throat was reached (note that conceptually in pore network models, which quantify the complex pore morphology, pore throats are the smallest pores connecting the larger pore bodies (Dong and Blunt, 2009; Ebrahimi et al., 2013) ). We conclude that at these points the fines flow was stopped, i.e. the fines were deposited here first (cp. for instance Fig. 11c, f, and i) , and subsequently the larger adjacent pore bodies were filled with barite; this was essentially a jamming process (Civan, 2007) . In addition, the fines clustering in Fig. 11c is more localized than in Fig. 11i as a pore throat was just adjacent to the main body of fines agglomerate (right side of cube).
The high resolution images (Fig. 12) provide evidence in terms of the exact plugging mechanism; the water-wet barite particles adhered to the water-wet rock surface, and the barite particles also agglomerated into rather compact conglomerates (Israelachvili, 2011; Torkzaban et al., 2007) , which, however, were not loosely packed as previously suggested (Gulati and Maly, 1975; Civan, 2007; Elsaeh and Ramdzani, 2014) .
The SEM images shown in Fig. 13c and d also demonstrates that adhesion forces between barite particles and quartz surface were acting; and an analogue situation is illustrated in Fig. 13e and f for the barite-barite particle interactions. Moreover, the SEM images clearly show the arrangement of the particles at the pore-scale. Note that in the SEM images published by Kandarpa and Sparrow (1981) , Byrne et al. (2000) , Tran et al. (2010) , Green et al. (2013) , these details were not visible because of low image resolution.
Based on the results discussed above we postulate a new formation damage model which we hypothesize will hold for waterwet fines and water-wet rock (and very likely oil-wet fines and oil-wet rock).
A combination of intermolecular forces and pore geometry leads to the build-up of solid particles in the smallest pore throats. As the pore throats determine permeability (Tiab and Donaldson, 2004 ) a substantial decrease in permeability is the consequence.
While the impact of pore geometry can be predicted in a straightforward way by using an aspect ratio (β¼pore throat to particle diameter length ratio) correlation: if βo7, then bridging can occur (Civan, 2007) , a prediction of the impact of intermolecular forces is more involved. For the specific system we are considering (i.e. sandstone and barite) we hypothesize that the silanol groups on the quartz (sandstone) surface (Zhuravlev, 2000; McCaughan et al., 2013) strongly attract the hydroxyl groups on the barite surface (Fenter et al., 2001 ; note that Fenter et al. observed adsorbed water on the barite surface, but could not identify the exact molecular species as the experimental technique they used did not allow them to observe protons), certainly leading to strong Debye and Keesom forces (Israelachvili, 2011) , probably hydrogen bridges and possibly condensation reactions (Fig. 14) . This scenario would explain the fact that the barite particles were packed tightly as shown in Figs. 12 and 13.
We thus conclude that (a) fines damaging a reservoir might be more difficult to remove than expected based on earlier models, however, (b) chemicals may be found which can break the strong intermolecular bonds and release the fines again. Furthermore we hypothesize that wettability plays a primary role in plugging.
Conclusions
We observed formation damage caused by fines injection into sandstone plugs in-situ by μCT and NMR measurements. As expected higher fines concentrations led to greater reduction in porosity and permeability, consistent with the measured production curves and literature data (Krilov et al., 1991; Asghari et al., 1995; Nguyen and Civan, 2005; Tran et al., 2009 ). The in-situ experiments showed that the amount of fines trapped rapidly decreased with core depth, which confirms earlier measurements (Nguyen and Civan, 2005; Tran et al., 2010) ; in addition, mainly larger pores were filled with the fines, which was reflected in the shift of the pore size distributions to smaller sizes, this confirms earlier suggestions in the literature (Nguyen and Civan, 2005; Tran et al., 2010) . Furthermore, the high resolution μCT images in combination with SEM imaging allowed us to investigate the detailed mechanisms causing the above damage: the barite particles were first trapped in thin pore throats apparently due to the interplay between mechanical and intermolecular forces. Once the throats were plugged, adjacent pore bodies were filled with the fines. Moreover, the barite particles were tightly packed-not loosely as previously suggested (Krilov et al., 1991; Asghari et al., 1995; Nguyen and Civan, 2005; Civan, 2007; Tran et al., 2009 ), which we hypothesize is due to strong intermolecular forces between the barite particles. These conclusions enabled us to outline a new formation damage model, which we hypothesize will hold for strongly water-wet rock and strongly water-wet fines (and likely in an equivalent way for strongly oil-wet rock and oil-wet fines).
